27
To the authors' knowledge, the fluid overheating (hot spot) and consequent decomposition dur- an ORC unit, and ii) to suggest practical measures to tackle this issue.
4
The case study is the gas turbine-based power plant installed on an offshore oil and gas platform 5 located in the Norwegian Sea. The use of an ORC turbogenerator is proposed to increase the 6 overall energy conversion efficiency (see Pierobon et al. [48, 49] ). Reliable operation for this 7 plant is a priority. In fact, the economic revenue of a platform depends on stable production rates 8 over the entire lifetime of the oil and gas field. A dynamic model of the plant based on first 9 principles is developed using the Modelica language. This is then integrated with a discretized The case study selected for this paper is presented in Section 2. Subsequently, Section 3
16
describes the dynamic models, and Section 4 presents their validation. The results are reported 17 and discussed in Section 5. Concluding remarks are given in Section 6.
18
2. Case study
19
The case study is the gas turbine based-power system installed on the Draugen oil and gas 20 offshore platform. The oil and gas field, located 150 km from Kristiansund in the Norwegian Sea,
21
was discovered in 1984 and started production in 1993. The facility exports natural gas via the
22
Åsgard gas pipeline to Kårstø (Norway) and oil via a shuttle tanker once every 1-2 weeks. Three
23
Siemens SGT-500 gas turbines cover the electric power demand on board. Figure 1 shows the layout of the power system with the organic Rankine cycle unit recuperating the combustion chamber (CC) is natural gas.
8 Figure 2 illustrates the layout of the once-through boiler fed by the engine exhaust gases. The 9 working fluid enters the first rows of tubes on the exhaust gas outlet end. It is then conducted 10 by U-bends at each row in counter flow with the hot gas until it achieves the desired degree of 11 superheating. A header collects the generated vapour which then proceeds to the turbine inlet.
12
The working fluid is preheated and evaporated continuously within each of the parallel circuits.
13
Gravity is not used to create the head. A centrifugal pump produces forced flow in the tubes. In 
5
[52]. 
Methods

7
This part of the paper presents the adopted modelling language, see Section 3.1. Sections 3.2 8 and 3.3 are dedicated to the mathematical description of the models of the gas turbines and the 9 organic Rankine cycle. An effective way to build dynamic models is to use the fully modular approach of the equation-
12
based, object-oriented modelling language Modelica [53] . Firstly, it allows to carry out the mod-
13
elling task reliably and in a short time, as it leverages on existing libraries of reusable component 14 models. Secondly, the equation-based approach of the language enables to easily customize the 15 models for the specific requirements at hand.
16
The dynamic model of the combined cycle unit is developed using components from existing
17
Modelica packages. The gas turbine sub-system model is built exploiting basic components in-
18
cluded in the ThermoPower library [53] . The ORC system uses models from the Modelica ORC in off-design conditions. The part-load isentropic efficiency of the expanders is predicted using The combustion chamber (CC) is built assuming a complete and adiabatic combustion process.
9
In the component, mass and energy conservation are expressed including the dynamic terms. As 
19
The topside of Figure 3 shows the control system of the SGT-500 engine as provided by the The model of the OTB is an extension of the generic evaporator model developed by Casella 7 et al. [54] . Such models typically assume either co-current or counter-current flow configuration.
8
Moreover, they do not resolve local fluid and wall temperatures inside tube bundles, which is a 9 requirement for the current analysis. The flow configuration, i.e., the heat exchanger topology, has 10 thus been extended and improved.
11
Figure 5(a) shows a top-view of the once-through boiler with a single longitudinal tube row.
12
The OTB is recognized as a horizontal circular finned-tube bundle with counter-cross flow con- whose throat flow passage area is the sum of the throat areas of the nozzles of the first stator row.
An isentropic expansion is assumed from the inlet section to the throat, where sonic conditions are 13 attained. The corresponding system of equations is listed below.
where s in is the specific entropy at the turbine inlet. The subscripts "S,th" and "T,in" indicate mal resistance [53] . In the present case, the heat transfer coefficient is mainly controlled by the 20 vapour side. The liquid side heat transfer coefficient is thus specified to be sufficiently large. The 21 overall resistance is thus assumed equal to that of the vapour. At off-design conditions the heat transfer coefficient is computed by the correlation proposed by Incropera et al. [63] .
23
The condenser is trivially modelled as a fixed pressure component. This is justified considering derived by fitting the data of a centrifugal pump projected for similar design specifications.
3
The downside of Figure 4 shows the control system of the ORC unit. As mentioned, the 4 platform has a stand-alone system. Given that the topping units have the fastest load response, the 5 control of the network frequency is managed by the gas turbine itself. Conversely, the goal of the 6 control system of the ORC unit is to maximize the waste heat recovery.
7
This task can be fulfilled by varying the pump speed to control the exhaust gas temperature at An in-house simulation tool is used to design the ORC unit [48, 49] . Table B The time for the gas turbine trip, i.e., the period needed to pass from a certain load to zero,
8
is set equal to 10 s. The system operates so that gas turbine A and the ORC unit share the load 9 with the engine B. The third gas turbine is on stand-by. The test case implies that, at a given time,
10
the engine B trips. The combined cycle unit counteracts by ramping up its load matching the total 11 power request. The steady-state part-load performance of the gas turbine is compared with the off-design 22 characteristics given by the gas turbine manufacturer. The fuel and exhaust gas mass flow rate, the 
3
The gas turbine dynamic model is thus capable to reproduce the steady-state and the dynamic 4 characteristics of the engines with satisfactory accuracy over the entire range of loads.
5
The model of the ORC system is composed by software objects taken from a library developed 6 to model a 150 kW ORC system using toluene as the working fluid. The model was successfully 
The once-through boiler
13
The OTB model described in Section 3.3.1 was verified, for the design-point condition, with The model can thus reproduce the steady-state part-load characteristics of the once-through 25 boiler with satisfactory accuracy, given the in-depth verification using commercial tools and data. The results indicate that the temperature exceeds T c,max for ramp rates higher than 0.3 MW · s -1 .
5
To estimate the long-term effects on the thermochemical stability of the fluid, the amount of time Offshore power systems connected to a standalone electric grid have strict constraints on the 9 frequency tolerances and recovery time. The frequency undershooting (overshooting) is the mini- The grid specifications have a maximum undershooting of 5 %. Table 2 and Figure 8 show that 5 ramp rates higher than 1.0 MW · s −1 are not acceptable as the frequency undershooting is higher 6 than 5 %. In the other cases, the dynamic parameters satisfy the requirements. The fastest load 7 change that fulfils that grid specification and ensures the thermochemical stability of the working 8 fluid is thus 0.3 MW · s −1 .
9
In order to preserve the fluid stability, a spray attemperator system is added to the plant layout, 10 see Figure 9 . This device is used to limit the temperature in the superheating section of the once- 
21
properly tuned PI controller regulates the mass flow rate extracted using a dedicated valve. In the 1 PI controller, the measured temperature T 6 is compared with the reference value T c,max . The signal 2 is then transmitted to the attemperator valve. As for the previous plant configuration (Figure 4) , 3 the pump speed is controlled to maintain the exhaust gas temperature exiting to the once-through 4 boiler at the design-point value.
5 Figure 10 : Dynamics of the temperature at the outlet of the once-through boiler using the spray attemperator system. This prevents the hot spot formation and working fluid degradation.
10
For the sake of completeness, a comparison between the results obtained with and without the 11 22 spray attemperator system is presented (see Figure 11 ). The purpose is to demonstrate that the 1 introduction of the attemperator module does not modify significantly the dynamic response of 2 the plant. The reference test case is a ramp rate of 0.6 MW · s -1 .
3 Figure 11 (a) demonstrates that the attemperator system does not affect the frequency trend. 
The boiling number Bo is defined as The convective boiling heat transfer coefficient h cb is computed by
Finally, the highest value of the two (h cb and h nb ) is chosen for the heat transfer coefficient h.
3
The heat flow rate in each cold fluid cells is then computed by the Newton's law of cooling as
where subscripts "wi" and "c" denote the inner wall and cold fluid, respectively. The variable A is 5 the inner tube surface area of a single cell.
6
The gas-side heat transfer coefficient and the fin efficiency are computed with the correlations where A is the total heat transfer surface area including fins and A t0 is the bare tube surface area.
10
The Reynolds number is based on the outer tube diameter and the maximum gas velocity that 11 may occur either transversely or diagonally in between the staggered tubes. The fin efficiency for circular fins is computed by
where h is the heat transfer coefficient, k f is the thermal conductivity of the fins, and δ is the fin 1 thickness. For circular non-conic fins ϕ is computed by
where D f denotes the fin diameter. Finally, the overall surface fin efficiency is calculated by
where A f = A − A t0 , i.e the finned surface area.
4
The heat flow rate in each hot fluid cell is computed by Newton's law of cooling similar to the 5 cold fluid, but including the overall surface fin efficiency as
where subscripts "wo" and "h" denote the outer wall and hot fluid, respectively. Note that T c and 
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